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ABSTRACT 
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f 

This  report describes the results of an investigation of 

the effect of pressure and temperature on the energy gap and elec- 

tron effective mass of GaAs.  For this material, the applicability 

of the zero temperature Kane k-g theory at finite temperature was 

quantitatively tested by measuring the Faraday rotation as a function 

of pressure and temperature. 

The quantitative comparison of experimentally determined 

masses with theory required three subsidiary measurements: (1) the 

pressure change of energy gap of GaAs was found to be dE /dP = 

-5 
(1.17 ± .03) • 10  eV/bar; (2) the long wavelength pressure change 

of refractive index of GaAs was found to be (l/n)(dn/dP) - 

-7 
- (7.0 2 0.5)- 10 (1/bar); and (3) the long wavelength temperature 

change of refractive index of GaAs was confirmed to be (1/nKdn/dT) 

= (4.5 ± 0.5) • 10"5(1/0K). 

In the process of determining effective mass,  a number cf 

possible experimental errors in measuring Faraday rotation were UQ- 

lineated.  Careful consideration of these errors led to an effective 

mass at the bottom of the GaAs P,  conduction band of m* = (.064± .002) 
ic o 

for room temperature and atmospheric pressure. 

The results of measurcmei.ts on three n-type samples of 

GaAs as a function of temperature and pressure show that the data 

were fitted best Ly using the Kane k-g theory at finite temperature 

m 

^ 



with an energy gap corrected from 00K by accounting only for lattice 

expansion, rather than the experimentally determined optical energy 

gap which may be considered to have an Implicit temperature dupend- 

ence due to lattice expansion and an explicit temperature dependence' 

If a suggestion by James is correct, the optical energy gap 

should be considered a free energy gap composed of the forbidden 

energy gap and an explicitly temperature dependent electron-phonon 

interaction. In ^'iis context, this investigation demonstrated that 

the most appropriate GaAs energy gap for the Kane kg theory is the 

forbidden energy gap corrected for lattice expansion, and that ef- 

fective mass in GaAs is very little affected, if at all, by electron- 

phonon interaction. 
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CHAPTER 1 

THEORY 

A.  INTRODUCTION 

The purpose of this investigation is to compare the experi- 

mentally determined temperature and pressure dependences of carrier 

effective mass in semiconductors with the predictions of semicon- 

ductor band theory.  In particular, this work investigates (1) 

whether the relation between masses and energy gaps, given by the 

k'£ method for zero temperature, is strictly applicable at finite 

temperatures, (2) the relation between effective mass, forbidden 

energy gap,  and optical energy gap, and (3) the effect of electron- 

phonon interactions or. effective mass. 

The method chosen for this determination VJ«? ::he measurement 

of i'-ee carrier Faraday rotation, which is inverstly proportional 

to the square of effective mass, independent of scattering tiiue for 

light of high enough frequency, and capable of being measuref1 at 

magnetic fields low enough to avoid magnetic quantiaation effects. 

The material chosen was n-Type Ga'ts, which is known to have 

a P, conduction band mini.muro, a direct energy gap large enough to 

permit the observation of free carrier effects in isolation at 

relatively short wavelengths, and yet an effective mass small 

enough to be r2ädily observed by Faraday rotation. 
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Chapter 1 contains the relevant band theory and the theory of 

Faraday rotation. The experimental equipment is discussed in Chan- 

ter 2. Chapter 3 includes the detailed method of measuring Faraday 

rotation and the raw experimental results. Finally, the implica- 

tions of the results and conclusions are presented in Chapter 4. 

B. BAND THEORY 

a. Zero Temperature 

The assumptions of semiconductor band theory at absolute zero 

can be summarized [1*1] as: 

(i) the properties of a crystal are derivable by separating it 

into a r'gid perfect lattice of ion cores (nuclei plus 

closed electron shells) and the valence electrons) 

(2) the wave function of the valence electrons is separable into 

a product of single electron wave functions (1 electron ap- 

proximation) ; 

(3) the lattice of ion cores is periodic, implying Bloch's theo- 

rem t^at the 1 electron wave function may be separated into 

a plane wave and a lattice periodic functionj and 

(4) the coulomb interaction between electrons can be accounted 

for by assuming each electron moves in a self-consistent 

"artree-Fock fiel., produced by all the other electrons. 

With these assumptions, the valence electrons can be shown to 

have the dynamical properties of free electrons with an effective 

«SKf 
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mass different from the free electron mass. In particular, Kane 

[1-2] has used a semi-empirical k'£ perturbation approach to cal- 

culate band parameters for InSb by neglecting electron interaction. 

He begins by assuming the solution of the Schrodinger equation 

2 

(L   +VlUi-Eiüi   ' (1-1) 

where U,  are  the  l-electro.i basis wave  functions with energy E., 

V is  the effective potential  for  the electrons,   and £    H  the 

crystal momentum of a valence electron at a  symmet-. ' point  in 

k-space.    Af a small distance k away  from the  symmetry point, 

(g)   in Eq.   (1-1)  becomes   (g +ft k)  and Eq.   (1-1)  becomes  (neglect- 

2 
ing terms of order  k ) 

2 
P K "j 

—   + V + ~ k-p!ü.   = E.U.   . 
2m m — ^-t   i ii 

The third term in the left-hand side bracket is the simple k-£ 

interaction.  Kane [1-3] uses a more complete formulation includ- 

ing spin-orbit interaction and treats exactly the interaction of 

valence bands and conduction band by diagonalizing an 8 x 8 matrix 

The results of Kane may be applied to GaAs, and the energy 

E(k) versus reciprocal lattice vector k for the V.  conduction 

2 
band minimum [1-i] can bt shown to be (to order k ) 

r/ ^F2,, ,     I« 
E(k)   » -=— + ^-M 1 + 

(1-2^ 

3E 
_2_ + 

g 
E     *   E  +A 

g g 
-  1 (1-3) 

v 

^=   -^-       - '   : ;   :-_    7~ '     -- _ .-_—■:        30&%g0 :     -:-^I'l- 



where m is the free electron mÄSS, E the energy separation and 
B 

P [1-21 the rootnentum matrix element between r      and r,,.    states 
^  J 1c    15v 

[1-3], and ä  is the k-independent spin-orbit splitting of the 

T-,,.    band. 
15v 

An electron effective mass m*  can then be defined by equating 

and obtaining 

(1-4) 

9 2 
4k-P 

1 + (-2- 
3E  IE 

g   g 
E +A 
g 

(1-5) 

The effective mass at the bottom of the r,  band is then m given 
Lc u 

by 

P.* o 

1 
m t 

1 + 2m P 1 
wÄ  m i      >j£* E  ' E + A 

8   g 
(1-6) 

Equation (1-6) can be simplified by defining an energy equi- 

valent   the square of momentum matrix element as 

2m P2 
E„ "  2" ) p  jr 

so that Eq. (1-6) becomes 

(1-7) 

m* 
1 
m 1 + 1 

\ fcg   g E_ + A I !' 
(1-8) 

b- Finite Temperature 

At finite temperature T the lattice of ion cores is no longer 

perfect and the electron and lattice systems can no longer be con- 

sidered uncoupled.  In short, assumption (1) of the preceding 

1-4 
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section no longer holds rigorously. However, the adiabatic ap- 

proximation still allows the properties of a crystal to be derived 
■ 

by separating it into a system of valence electrons whose motion 

closely follows a distinct system of slightly displaced lattice ion 

cores. The interaction between the systems, termed the electron- 

phonon interaction, is then treated as a perturbation. 
I 

This situation has been examined from the viewpoint of statis- 

tical mechanics by James [1-4] and Brooks [1-5]. The discussion 

which follows is taken from James [1-4]. and assumes constant 

volume. 

For a crystal in which the adiabatic approximation holds (i.e., 

weak electron-phonon interaction) the energy of the coupled crystal 

where F(T) is the free energy of the crystal. The partition 

function ^T(T) and free energy F (T) of the decoupled lattice 

are 

E.. is defined as 

E, . = E. + U. + I. . , t1'^ 
ij    i    J    IJ 

where E. is the energy of the uncoupled valence electrons in the 
i 

ith state, Ü. is the energy of tht uncoupled lattice in the jth 
" -1 
state and I  ir.   the change in energy of the i,X  quantum state 

ij 

due to electron-phonon interaction. 

The partition function Z(T) for the coupled crystal is 
i I 

Z(T)   =- Z    Z.   exp!-£../kTl  = exp[-F(T)/kTl   , (1-10) 

I i - gMfe«©Sii =:c=--- V  -   :--    - - =;-   -" ■--:=--^_-=^=££,-.- 
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V; 

2L(T) - Z expC-Uj/kT] - exp[-FL(T)AT] . (1-11) 

Then the partition function Z.(T) and free energy F.(T) for the 

crystal in a particular electronic state i are 

Z^T) - Zj expC-E.j/kl] - expE-F^^/k T] . (1-12) 

Using Eqs. (1-9), (1-11), and (1-12), it can be shown that 

Fi(T) " Ei + FL(T) +A Fi(T) (1-13) 

where A F. (T) is the change in the free energy of the .ith elec- 

tronic state due to the electron-phonon coupling. James [1-4] 

shows that 

2    I      exp[-U/kT] 
a F. (T) s-L-^J J  SI-/-\   • <1-U> 

1     Sj expC-üj/kT]     Uj; 

That is, A F.(T) is the electron-phonon interaction averaged over 

the lattice states. 

The internal energy, E.(T), of the crystal in the ith  elec- 

tronic state is found by averaging E . over all j[ states weighted 

with the appropriate Boltzmann factor: 

E  exp[-E /kT] 
E.CT)  -  Ei(j)(T) = 2.  ^  ^  ■ (1-15) 

E4(T)  can be written as 

E.CO  « Ei + EL(T) +A E1(T)   , (1-16) 



3 

where EL(T) is the internal energy of the lattice alo e and 

A Ei(T) is the change in the average Internal energy of the 

crystal due to electron-phonon interaction when the electronic 

system is in its ith state. James [1-4] shows that A E (T) con- 

sists of 2 parts: the average value of the alectron-phonon coup- 

ling energy and the change in the average vibrational energy of 

the lattice due to the fact that electron-phonon coupling changes 

the relative weighrs of the states. 

For a pure semiconductor in the 1-electron approximation, 

EI = nlEg + ^W'W1*) ' (I-") 
where E  is the forbidden energy gap at 0°^ n. is the number of 

o i 

electrons in the conduction band and of holes in the valence band 

in the i_th electronic state, e   is the energy of the -rth ex- 
T 

cited electron and n   the energy of the Tth hole, each measured 

from the appropriate edge of the gap. Clearly E, is zero at 0oK 

when the valence band is completely filled and the conduction band 

entirely empty, and this may be considered the zero of energy. 

By substituting Eq. (1-17) into Eq. (1-16) and if it can be 

assumed that A E^T) is proportional to n. , the number of excited 

particles, and independent of any particular set of occupied states, 

then 

E.(T) = ni Eg(T) + Zj/
0 + ^ ]  + E^T) , (1-18) 

: 
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where 

Ee(T) - Eft +A EfT) , (1-19) 
S      ft      a 

ani 

AEg(T) - AEi(T)/ni . (1-20) 

In this context A E (T) represents the tninimum additional energy 

(other than the forbidden energy gap EJ needed to create an 

electron-hole pair while the lattice is in thermal equilibrium. 

That is, E (T) is the thermal forbidden energy gap since it is 

the minimum energy needed to excite an electron-hole pair (E ), 

supply the average electron-phonon coupling energy, and supply 

the change in the average lattice vibrational energy. 

From Gibbs-Helmholtz relations, James [1-4] shows that AF^T) 

implies a minimum change AF (T) in a free energy gap F (T) as 
o o 

AF (T) = AFi(T)/nl (1-21) 

and 

F (T) *= E + AFrt(T) . (1-22) 
g      g    g 

Thus F (t) is the energy needed to excite an electron-hole pair 

Vc ) and supply the minimum change in the free energy of the 
g 

crystal i^th electronic state due to the electron-phonon coupling. 

Equation (1-13) becomes 

F.CO = n^gCT) + ^C^0 + n^] + FL(T) (1-23) 

so F (T) is the minimum free energy change on creation of an 

electrorwhole pair. 

s^agsB^SSSgy-  ^ 
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James has speculated that the change In the optical energy 

gap with temperature should be interpreted as a change In the 

free energy gap of Eq. (1-22). To determine if this is plausible, 

it is useful to point out the physical meaning of the thermal and 

free energy gaps.E (T) may be written as 

Eg(T) ' V[Ii(j>+Ji(j)]/nt (1-24) 

where 3J/A\  represents the change in the average vibrational 

energy of the lattice due to state weight change by electron- 

phonon coupling. Similarly the free energy gap of Eq. (1-22) may 

be written 

Fg(T) - Eg + AFi(T)/ni - Eg + 1^/^ • (1-25) 

It can be seen that the difference between the free energy gap and 

the thermal energy gap is just J, /. J^u . Thus it Is physically plausi- 

ble to assign F (T) to the optical energy gap since optical excita- 

tion of an electron-hole pair does not change the average lattice 

vibrational energy (Jw.x B  0) but does include the change in the 

electronic state energy due to electron-phonon coupling.  That is, 

in an optical excitation, the excitation energy includes the energy 

to cross the forbidden energy gap plus the energy of the electron- 

phonon coupling appropriate to the excited electronic distribution. 

The lattice ion cores remain fixed and do not adjust to the new 

electronic state.  ..jxrever, the thermal excitation energy includes 

the energies mentioned in the optical excitation together with the 

- 
V 
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change in average vibratioial energy as the ion cores adjust to 

thermal equilibrium with the new electronic state produced by 

the excitation. 

The primary purpose of this investigation is to detertnii 3 

if the k-g theory of Eqs. (1-3) through (1-8) is adequate to de- 

scribe the temperature and pressure dependences of effective mass 

at finite temperature. However, the experimental results must be 

fitted to the theory by choice of parameters m* and some E . The o        g 

above discussion defines 3 different E 's at constant volume: 
g 

(1) the forbidden energy gap at zero temperature, E , 

(2) the thermal energy gap, E (T) » E + AE (T), 

(3) the optical energy gap, F (T) = E + AF (T). 
o g        g 

These gaps will be considered in Chapter 4 in fitting the 

theory to results which were not obtained at constant volume.  In 

particular, as the temperature increases from 00K, there will be 

lattice expansion which implicitl.   fects the energy gaps. This 

has been accounted for in Chapter 4 by using known values of 

lattice thermal expansion, lattice compressibility, and energy gap 

pressure coefficient, to calculate a forbidden energy gap E , with 

explicit temperature dependence, which replaces the constant S . 

Any Implicit effect of the lattice expansion on the electron-phonon 

interaction is then concealed in the increase in free energy with 



temperature, AF (T). Within this context, then, th« applicability 

of the various energy gaps and the possibilities of electron-phonon 

effects on effective mas^ are considered. 

1-11 

«  i C.  THEORY OF FARADAY ROTATION 

a. Semi-Classical Theory 

Since classical theory does not include Interband transitions 

and other quantum mechanical effects of semiconductor theory, the 

following conditions must be specified in order for a semi-classical 

approach to quasi-free carrier Faraday rotation to be valid: 

(1) cu < CD    * EVft  ; 
1 2 2 

(2) u) » T'   ; 03 » CU    = eH/m*c;  and CD » u>    = 47r N e /em* 

where CJD is the frequency of light of velocity c, E is the band gap 

of the material, H is the magnetic field, m* the carrier effective 

mass, N the carrier concentration, and € the dielectric constant of 

the material. 

These assumptions insure that interband effects are negligi- 

ble and that a semi-classical wave packet approach is valid. That 

is, the quasi-free electrons obey classical equations of motion 

with some effective mass and their interaction with light may be 

adequately described by Maxwell's equations. 

Ff.raday rotation consists of the rotation of the plane of 

linearly polarized electro-magnetic radiation propagating in a 

material parallel to a static magnetic field. Plane polarized 

: 
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light may be resolved into two oppositely rotating circularly 

polarized components and the rotation results from a differential 

diüpersion of one component with respect to the other. This dis- 

persion arises only from »noving electrons or currents. Thus there 

can be no contributions to Faraday rotation from electrons in a 

filled band of a semiconductor. Only the quasi-free electrons 

produce Faraday rotation. 

Thus the propagation of radiation in the material will be 

governed by a semt-classical wave equation for quasi-free elec- 

trons. The two circularly polarized components of linear polar- 

ization are governed by separate propagation constants whose dif- 

ferent refractive indices imply the differential dispersion which 

causes Faraday rotation. 

It can easily be shown that^ if n and n are respectively 

the refractive indices of the right and left-hand circularly polar- 

ized components, the angle of Faraday rotation e_. is given by 

eF "fc" W-O * (l-26) 

where 03 is the frequency of the polarized light and d is the ma- 

terial thickness in the direction of propagation. 

Stephen and Lidiard [1-6] have shown that n -n_, in terms 

of the low magnetic field conductivity tensor components of Abeles 

and Meiboom [1-7], can be written as 
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n - n 
ü)€ 

47r 
ITT0 H 

xyz z (1-27) 

where o   is a conductivity tensor component and H is the static 

magnetic field along the direction of light propagation. 

The general expression for a   for a single energy surface 

?-(k) having cubic symmetry can be shown to be [1-9] 

df o   de rdg      de 
'xyz" AAV

2
 / dS ^k   dk   dkür ■ air r? db'   (1-28) 

W n ecu   ' x^y       xy x   ok
y j 

where fo is  the Fermi distribution function.    Combining Eqs.   (1-26), 

(1-27),  and  (1-28),   the semi-classical Faraday rotation is 

6 e3dH „_^ . T ^o   de [as   _a2
g      öe   d2gl 

F  2.Vc2na.2^  dS  ^K^-ST^J^   (1-29) 

whereas the classical Faraday rotation is 

a    _    27r e dHN 
F 2    2    2 nc    cu    m 

3 2 
e  dHN ^ 

2IT nc4 m2 (1-30) 

Equations (1-29) and (1-30) may be equated if 0 is considered to 
F 

be determined by an optical effective ma 

df 

ss, m , given by 

r ato   de • _de_    dV      de   d2e' 
(m* ) or 

4F3 ,v' ^ sr taky sirsr - sir ^ ^   "-") 
in place of the free electron mass m. 

Thus by using Eq. (1-30), slopes of ^ versus A2 are obtained 

which are inversely proportional to the square of the optical effec- 

tive mass defined in Eq. (1-31). 
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Finally by using k-g theory as applicable to GaAs in Eqs. 

(1-3) through (1-8), Eq. (1-31) may be evaluated in terras of the 

band parameters m*, E , and A«  It can be shown that 

N = 
47r 
-— / f    dk 
47r3        0    " 

>r2(kT)3/2(m*)3/2rC3/2)   f C1 m*«2, . 1 

ir2 ft3 ,   V2        6 Ini    Eg      Eg + A|r(3/2)   -3/2 

(1-32) 

and 
f . . ,* 2 

1 JL    1       5kT | 2   ^      1     \ ,       %*     ö3/2 

>P      o ! g     g    n wi/2 

where k is Boltztnann's constant and SUA,,   5,/-  are Fermi  integrals 

defined by Blakemore[1-8]. 

b.     Quantum Mechanical Theory 

Roch   [1-9]  has  derived a quantum mechanical   theory of Faraday 

rotation which gives the form of 0 predicted by the semi-classical 

theory of Eqs. (1-26) and (1-27) in ehe high frequency limit of 

OJ    »x » eH/ni*c. This provides assurance that the semi-classical 

theory is adequate to describe the free carrier measurements at 

long wavelengths. 

A quantum mechanica.1 theory of interband Faraday rotation 6TT1 
IB 

whicn is slightly easier to apply to the present investigation has 

been developed by Boswarva, Howard^ and Lidiard [1-10]. They find 
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that, in the one electron approximation in spectral regions where 

absorption is small, 0T_ is given by 

HI 
2  ~ 

IB  ncfi n 

5 

I 

urjivn.nwi2- ivn.n(->i2| ^' 
nil      ~1~~   2      JT"~ 

»•        n'n n'rH 

(1-34) 

where the sum over n is over all occupied electron states, the sum 

over n' is over all unoccupied states, and tiü) ,  is the energy of r        '      n'n OJ 

the n- n' transition. The velocity operator matrix elements are 

JV , (i)j for right (+) and left (-) circular polarized components 

of light. 

This investigation is concerned with interband effects only 

to thn extent that thev affect measurement of free carrier Faraday 

rotation 9^  in GaAs.  It will be seen in Chapter 3 that in the 
F 

wavelength range 3 to 5(j. it is necessary to correct for interband 

I 
rotation arising from the transitions across the energy gap to ob- 

tain accurate 0 .  This has been done by measuring 0  in an n-type 
F ' IB 

low carrier density sample and subtracting the result from the 

measured 6 for higher carrier density samples. This is not strictly 

correct, since the carriers in the more highly doped samples ex- 
M 

elude some of the possible transitions in Eq. (1-34) by occupying 
H 
a 

conduction band states.  However, it is expected that the effect 

will bo small since the energies involved in the measurements 

('fuj        .4 eV) are considerably smaller than the transition energies 

1      (fim ,  - 1.5 eV) .  Thus the effect on 0TI, (near a) of excluding a 
a n n irs 

:- 

: 
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few transitions, from a set which all have high and nearly equal 

energies compared to fia>, should be small. Indeed Roth [1-11] has 

calculated the effect of free carriers on unterband rotation and 

18  -3 found that^ for N - 8 • 10  cr , 6  in GaAs at 3^ is changed by 

at most 10#. For lower carrier concentrations the effect is even 

sma 
18 

Her. Fcr a sample with N ■ 3.4« 10 , V - e/dH at Six for quasi- 

-4 
free carriers was found to be 4« 10  radians/(cm. gauss). V  ~ ö VdH 

at 3M. was found to b ; 1 • 10  radiai s/Ccm. gauss). Thus 10^ of ¥__ 

at 3a is 1 * 10  radians/Ccm. gauss) which is negligible compared 

to 4-10  radians/(cm. gauss). 

A second possible effect of interband rotation may arise from 

the additional absorption from 3 to 5(x in GaAs first reported by 

Spitzer and Whelan [1-12]. However, it is pussiblc --o make an order 

of magnitude estimate of any 0T_ arising from the transitions respon- 

sible for the additional absorption. Boswarva, Howard, and Lidiard 

[1-10] have shown that direct allowed transitions give the largest 

eT_ effect. The form of 9      for direct allowed transitions can he 
IB IB 

written as 

ej3      K(8eff)ß !    1_ 1 
dH ~  n7.h   j, . lw       1x1/2  , ^ lw   ' "T IN 1/2 

1 

UL, 
3/2 

n'n 

where i   is a damping time, ß is a Bohr magneton, geff is an ef- 

fective g factor for the transition, and K may be written 

K-- OLiLa-—-  . (1-36) 
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In Eq. (1-36), a is the absorption coefficient.  The maxiisvan K 

may be estimated from a measured by Spit:zer and Whelan [1-12] on 

18   -3 
a sample with N « 5.4- 10  cm.  . This carrier concentration is 

i larger than any used in this investigation. K can be found, as 

^« 3.0- 108 . (1-37) 

1 14   -1 
Estimating - to be about 10  sec , it can be shown that 

^S2.10-
7   radian8  , (U38)        f 

dH cm. gauss  ' 

which is about 50 times smaller than 0-,, arising from the forbidden 
IB 

energy gap, and hence is completely negligible. 
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CHAPTER 2 

EQUIRIENT 

A.  INTRODUCTION 

All measurements were conducted in a constant temperature, 

controlled 40^ humidity room. A scaled plan of the experimental 

system is shown in Figure 2-1. Light frm a source was mechanical- 

ly chopped at 13 cps and made monochromatic by a Perkin-Elmer^ model 

12C single-beam spectrometer modified to allow the beam from the 

exit slit to emerge from the case. The divergent b^am was turned 

90° and made convergent by tha mirror system M. - M? -M^. For the 

Faraday rotation measurements the light then passed through a polar- 

izer held in the 2 inch axial hole of the magnet. After being 

focused at the center of the magnet gap (sample area), the bean, 

passed through an analyzer held in the opposite axial magnet hole 

by a rotatable mount. The light was then focused by the mirror M, 

on the detector. The resultant AC signal then passed through a 

Perkin-Elmer' preamplifier and model 107 amplifier in which the 

signal was phase detected and rectified. The DC signal was then 

recorded by a Leeds and Northrup* type G recorder. 

For the measurements of the pressure shift of the GaAs ab- 

sorption edge, the polarizer, analyzer, rotatable mount, detector 

and mirror M, were removed and a photomultiplier housing and tube 

described by Zallen [2-1] were placed to intercept the beam as it 

emerged from the axial magnet hole. 

Perkin-Elmer Corporation, Norwalk, Connecticut. 

Leeds and Northtüp Company, Philadelphia, Pennsylvania. 

i 

-   V  . 
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The mfiasuretnents of pressure and temperacure shifts of the 

refractive index were done using the same spectrometer but with 

an optical path and pressure system cleacrtbed by Prakash  [2-2]. 

B.  OPTICAL EQUxPMENT 

a.  Sources 

Since the pressure and temperature experiments of this inves- 

tigation lasted on the order of 10 hours, it was desirable that the 

radiation source be as stable as possible. The source supply was 

a   ,5 kva ballasted regulating 120 volt transformer which was in 

turn supplied by a 1.5 kva regulating transformar. A Nernst glower 

tested in the infra-red had a 15 minute stability of .8^ and a 2 

hour stability of 1-2%. A 200 watt globar under the same conditions 

Save only 1/2 to 2/3 of the light intensity of the Nernst glower. 

However, the globar had a 15 minute s lability of .4^ and a 10 hour 

stability of < 1*%  and was the source used in the infra-red for wave- 

lengths > 2.5 H. 

For wavelengths between .7 and 2.5 n a GE1" 18A-T10 SR3 tungsten 

lamp connected to a 6.3 volt scepdown transformer was powered by the 

above supply and gave more light than the globar with t'ie same stabil- 

ity, 

b.  Spectrometer and Mirrors 

The model 12C spectrometer was used with the following prisms 

for the best combination of transmission and resolving power in the 

t  ~ 
General Electric Co., Lamp Department, Cleveland, Ohio. 
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given wavelength k  regions: KBr, 18^1 < h < 8\i;  NaCl, 13|i < \ <  5u; 

Ca7a, 8[i < \ < 2.5n; DF glass, 2.5^ < \ < 0.7M. 

The KBr, NaCl, and CaF^ prisms were calibrated using absorp- 

tion bands of C02, H2O, NH3, and HBr vapors [2-3].  The DF glass 

prism was calibrated using Argon and Mercury spectrrm tubes [2-4]. 

The errors of all calibrations are estimated as < 1$. 

All mirrors throughout the system were uncoated front-surface 

aluminized pyrex. The effect of differing iriirro*- ^-pflectivities on 

polarized light modes is discussed in section 3.D. 

c.  Polarizers 

The polarizers used were constructed of rolled AgCl' in a 

"zero-displacement" design due to Makas and Shurcliff [2-5]. Trans- 

mission was constant from 2 to 18n and the degree of polarization 

[2-6] obtained in the light beam was 94^.  The six AgCl plates each 

of the polarizer and analyzer were placed at an angle to the light 

beam of 64 in non-magnetic collimating tubes that fitted snugly in- 

side the 2-inch axial magnet holes. The analyzer was attached to a 

large non-magnetic rotatable drum mount geared tc an electric motor. 

A typical trace recorded while the analyzer was slowly rotated is 

shown in Figure 2-2.  It can He seen that the transmitted intensiL ' 

obeys the relation: 

1=1 + Iv cos (ü) s) C2-1) 
T   m   M      A 

where IT is the transmitted intensity, T is the intensity at a 

i 
Harshaw Chemical Co.,   Cleveland, Ohio. 
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minimum, L^ + 1 is the intensity at a maximum, ü) is the angular 

frequency of rotation of the analyzer, and s is the time. 

d. Detectors 

Tf will be shovn in section 3.D that Faraday rotation .aeasure- 

ments using wavelength dependent sources demand a certain niinimum 

resolution. The best detectors in the 1 to 5^ region are coded 

?bS photoconductive cells and cooled InSb photovoltaic diodes. 

Lnfortunately in the experimental system shown in Figure 2-1 a stray 

magnetic field of the order of 20 gauss existed in the detector area 

and altered the response of these detectors when the magnet was turned 

on. Magnetic shielding of \J.  metal partially enclosing the area was 

unable to eliminate this effect and the detector for the Faraday ro- 

tation experiments was iimltcd to a Reeder' RP-5W thermocouple with 

KBr window which was unaffected by magnetic field.  To our knowledge, 

this is the best available commercial thermocouple compatible with a 

Perkin-Elmer spectrometer.  Determinations in section 3.D demonstrate 

that the experimental system using this detector attains the critical 

miniTAim resolution for accurate Faraday rotation measurements. 

For the absorption edge pressure shifts and the refractive index 

experiments, an RCA* 7102 photomultiplier tube in a housing powered 

by a Beva model 302B-5 .1%  regulated supply.  The tube was cooled 

by dry ice and used in the wavelength region .7 to 1.3u.  For refractive 

Charles M. Reeder and Co., Inc., Detroit, Michigan 

Rrdlo Corporation of America, Electron Tube Division, Harrison, New 
Jersey. 

Beva Electronics Inc., Trenton, New Jersey. 

-«=-- f 
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inclc?: measurements  from 1.0 to 2.5|a,  an EGA"1   PbS photoconductive 

cell  cooled by dry  ice was used as a detec:or.     r'or wavelengths 

from 2.5  to 4.2|i in the refractive  index determinations,  a TI* 

model M-2000 InSb photovoltaic diode cooled by liquid N^ was used. 

C.  OTHER EQUIPMENT 

c. Magnet and Power Supply 

The magnet shown in scale in Figure 2-1 was a Magnion* model 

UF-~ electromagnet with a 2 ohm impedance.  The 5 inch pole pieces 

and the supporting X-frame were pierced by 2 inch axial holes. The 

gap could be varied by using spacers and was fixed at a separation 

of 4' inches to admit the optical bomb. 

The .01^ regulated DC power supply for the magnet was a Harvey 

Weils (division of Magnion )  model HS 1050 with an output impedance 

of 2 ohms and a modification to produce 74 kilowatts at 115 volts 

for the peak current of 65 amperes. This supply was further modified 

by McElroy [2-7] to include devices to warn of magnet cooling water 

stoppage and excess magnet temperature and a field reversal switch. 

The magnet's field was probed "sing a Rawson^ type 722 rotat- 

ing coil gaussmeter, and was found to be linear with power supply 

current and homogeneous to 1%  over the central cubic inch.  The field 

Electronics Corporation of America, Cambridge, Massachusetts 

Texas Instruments Inc., Materials and Sensors Department, Dallas, 
Texas. 

tt 
Magnion Inc., Burlington, Massachusetts. 

Rawson Electric Instrument Co., Cambridge, Massachusetts, 



showed no hystertc:"« on »-eversal. At peak current, the magnetic 

field stability was > 1^ while the fiebl at the center of the gap 

was 5.35 kilogauss with an error of 1%.    This field was used for 

all Faraday rotation measurements except tests of magnetic field 

dependence. 

b.  Pressure Equipment 

The pressure system was a conventional gas apparatus such as 

the one described by Hulland [2-8].  A schematic diagram is shown 

in Figure 2-3. The pressure fluid chosen was He gas for reasons 

detailed below. The system is operated by letting gas at 2000 psi 

into tne Hsxwood' double-acting intensifier whose operation has 

been described by Feinleio [2-9].  The intensifier compresses the 

gas through the bypass intc the pressure cylinder and optical bomb 

to 2 kilobars-  The hand oil nurap is then used to pressurize the 

oil press which drives a piston into the pressure generating cylinder. 

A piston head seal [2-10] a^ the end of this piston moves past th-j 

bypass isolating the optical bomb and pressure cylinder and compressing 

the He sas to 10 kilobars. 

The pressure generating cylinder is shown in scale in Figure 

2-4.  It has been Lested to a nominal (counting friction) 12.5 

kilobars.  The gauge plug had one standard coned electrical ter- 

minal shown in Figure 4-5 of reference [2-8] and mounted s.  Manganin 

gauge coil. 

Karwood Engineering Co., Inc., Walpole, Nassachuse'-s. 
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Westinghouse Electric Corporation, Materials Manufacturing Division, 
Blairsville, Pennsylvania. 

The pressure was determined by measuring the change of resis.- 

ance of the gauge coil by means of a bridge circuit [2-11].  The 

coil was calibrated by observing the pressure (7566.2 bars) [2-12] 

at 00C when the resistance changed in a freezing Hg capillary on a 

terminal plug mounted in the optical bomb.  The calibration was as- 

sumed linear [2-13]. The determination was made twice during the 

period of the investigation ^nd the calibration repeated to 1^ which 

is about the experimental error in the determination. A sudden 
- 

change of 2f  in the 1 bar resistance of the coil which occurrei 

between the two determinations thus had no observable effect on 

the calibration.Similavly, an explosive decompression which left 

the 1 bar resistance of the coil unchanged was assumed to have not 

changed the calibration.  This assumption is supported by the fact 

that nominal pressures, after subtracting a constant frictional ef- 

fect, agreed to ±3%  with the coil both before and after the explosion, 

and indeed throughout the entire investigation.  Consequently the 

error in measuring pressure is estimated to be the erro.- of the 

calibration or ±1^. 

The non-magnetic optical bomb was made from a design by Langer 

and Warschauer [2-14] using Westinghouse W545 stainless *teel hav- 

ing a magnetic permeability at 26r'C of 1.0039.  The bo.ab was hardened 

to the maximum for the material. Rockwell (R) C 39.  It was tested 

to a nciinal 12 kilobars and showed signs of stretching.  The maximum 

« 

t 
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pressure since applied has been 10.3 kilobars. The optical plugs, 

cones, push pieces, t-pieces, and spacers were made of aon-magnetic 

3eCu hardened to RC 38 which is about that material's maximum hard- 

ness. Unsupported portions of the push pieces have a tendency to 

stretch non-elastically under a pressure to a limit of about .001 

inches for 10 pressure cycles after which they inust be remachined. 

The optical windows [2-15] were C-axis sapphires for reasons explained 

in section 3.D. 

The liquids pentane, CS2, and Freon 11 and 12 were considered 

for use as pressure fluids, but rejected because of their many ab- 

sorption bands in the range 1 to 5|i. Nitrogen gas was rejected for 

the same reason when experiment showed the formation of an absorption 

band near 4^1 as pressure was applisd. While Ng is a symmetric mole- 

cule and hence has no infra-red absorption, an impurity mojecuie 

under high pressure couples with the N^ molecule to produce a change 

in dipole moment and consequent absorption bands. 

A similar experiment on Helium gas showed tha no such bands 

appeared up to 10 kilobars.  The total transmission through two 

sapphire windows and He gas changed by only 2%  in 10 kilobars indi- 

cating that He was the most suitable fluid for absolute transmission 

measurements. 
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c. Cryostat, Sample Holders, and Positioning Mechanism 

The cryostat used for temperature measurements has been de- 

scribed by Cardona [2-16]. A modification was made in the cold 

finger to allow the  coolant to circulate around the sample hold- 

ing block. 

For Faraday rotation measurements, the sample holders were 5/8 

inch diameter brass disks 1/16 inch thick which had central apertures 

slightly smaller than the sample dimensions. When the holders were 

placed in optical bomb, cryostat, or room-condition mount, radiation 

could pass only through sample and aperture. The camples were of 

the order of .1 cm thick. They were attached to the holders by 

an upright edge using a tiny drop of GE 7301 adhesive cement which 

was sufficient to hold them firmly against the sample holders while 

prohibiting strain as temperature and pressure were changed. Tem- 

perature measurements with a thermocouple soldered to a sample and 

another attached to its sample holder while in the cryostat showed 

that the sample assumed the same temperature as the holder. There- 

after, all temperature reasurements were made with a calibrated 

copper-constantin thermocouple attached to the sample holder. 

For the absorption edge and refractive index measurements a 

sample holder described by Zallen [2-17] was used without the 

sapphire plates. 

- 

-= 

I 
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The positioning mechanistn consisted of a Palmgren* No. 82 

rotary table mounted vertically below the magnet. A heavy 2 inch 

Al column attached to the table extended up into the sample area 

to support optical bomb, cryostat, and room-condition mount. These 

instrument« could then be positioned to .001 inches perpendicularly 

to the light beam by vertical and horizontal adjustment micrometers 

which were a great aid in optical alignment. The mechanism Is mas- 

sive enough to be quite stable and was unaffected by magnetic field. 

Chicago Tool and Engineering Co., Chicago, Illinois 
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CHAPTER 3 

RESULTS 

A.  SAMPLES AND LIST OF EXPERIMENTS 

The single crystal GaAs optical samples and the experiments in  which 

they were used in this investigation are characteriteö In Table 3-1. 

The carrier concentrations N result from doping with Sn and Te 

impurity atoms.  At the present time there exist no simple relations for 

the effect of imourities on the conduction band energy levels predicted 

using the k'£ theory of Chapter 1. The point of view of this investigation 

has been to assume that each sample contains N quasi-free electrons 

distributed according to Eq. (1-32) over a conduction band unaffected by 

impurities.  This is tantamount to assuming that, in replacing a host 

atom, each impurity atom contributes a quasi-free electron and an electron 

energy level identical to the state which would arise from the replaced 

host atom. Under this assumption, no deionisation can take place and N 

remains constant as a function of temperature and pressure. 

The available experimental evidence indicates that the assumption 

of constant N is not unreasonable for samples 18aw, 19aw, and 12cw. 

Several investigators (3-23) have shown there is no delonization in GaAs 

down to 70 K, for similfr samples.  In general, for these values of N, 

donor impurity states in GaAs are considered to have merged into the 

conduction band.  Finally, the consistency of the final results with the 

I    : -- - 
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assumption of constant N for several different N indicate the assumption 

is likely to be valid. 

The carrier concentrations were determined at 295 K. by measuring 

Che Hall constant R of parallelepiped samples vhose dimensions were 

approximately ,13 x .13 x 1.3 cm3 and vhich were adjacent in the 

ingot to the optical samples.  Hall voltages were measured at a magnetic 

field of 5.85 kllogauss where R is independent of field (3-2A). 

A five probe technique was used which, with reversal of field and 

current, allows substfaction of magneto-resistive and voltage drop 

effects. Voltages were measured on a Leeds and Northrup^ type K-3 

potentiometer. The voltage probes were > .27 cm distant from the 

current leads so that «horting effects reduced the Hall voltage by 

< 1%  [3-1]. All contacts were tested to be ohmic and the current was 

chosen so that power dissipation in the sample was < I microwatt.  The 

estimated error in measuring the Hall constant R was + 57,, 

R was taken as determined by 

R • NTc ■ <3-1) 

^ Leeds and Northrup Company, Philadelphia, Pennsylvania. 



TABLE 3-1  SAMPLES AND EXPERIMENTS 

3-2 

NT 

(cm,  ) 

< 1.5 • 10 
15 

< 1.5 • 10 
15 

< 1.5 ■ 10 15 

3.2 • 10 
16 

1.3-10 
17 

7.3 • 10 
17 

Sample 

11 

11a 

llbw** 

24aw** 

18aw** 

IQaw** 

12cw*+ 

Experiment 

Transmission vs. Pressure 

Refractive Index vs. Pressure 

Refractive Index vs. Temperature 

Faraday Rotation vs. Wavelength 

Faraday Rotation vs. Pressure 

Faraday Rotation vs. Temperature 

3.4 ■ 10 18 

(cm.) 

^ 

(cm /volt,sec) 

> 6000 

> 6000 

> 6000 

6150 

2400 

2680 

2500 

Samples Runs 

11, Ua 2 

U 3 

11 2 

llbw, 24aw) 18aw       5 
I9aw, 12cw 

Ubw, 28aw, 19aw, 12cw  4 

llbw? 18aw, 19aw, 12cw  4 

1.53 10 " 

2.54 lO"3 

3.61 lO"1 

2.55 lO"1 

3.81 lO"2 

4.29 lO"2 

1.01 • lO"2 

ft 
j. 

N  : n-type carrier concentration 

d  : thickness 

: Hall mobility 

; 1 wedged sample 

:^:^i^-^ ^==^^=^^ 
-^    : J;- =fl^M^^=s=-i 
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where e is the electron charge in CJU. Ehrenreich [3-2] has shown 

the most likely scattering ''n GaAs is a mixture of polar and ion- 

ized impurity scattering. He uses a Hall coefficient scattering 

factor of 1.  It cannot be less but might be greater. To account 

for this poFsibility, the error in N was estimated to be +15^ -5%. 

The Hall mobility M. was determined using the neasured resistiv- 

ity p in 'le relation 

. "  ~' —j +5^ - 15^ . (3-2) 
P Ne • 3 • 10 

-2 
Optical sample thicknesses d > 10  cm. were measured to 

-4 
*2 -10  cm. by using a micrometer comparato: and precision gage 

-2 
blocks.  Samples with thicknesses <  10  ein. were measured using a 

fringe technique described in section 3.C.  Those samples with a 

suifix w in Table 3-1 were wedged 1° (see 3:D) and their thicknesses 

were pver&^ed.  The samples w re polished on  both sides using a 

method described by Zallen [3-3]. 

3.  PRESSURE DEPENDENCE OF ThE ABSORPTION EDGE IN GaAs 

The ratio of light intensity I transmitted through a medium 

to the incident light intensity I  is defined as the optical trans- 

mission t.  For a dielectric medium of index o^ refraction 

', = (n + ik), under the condition that n » k, t is given by [3-41 

:= 
i 



}-'-* 

2 

K.o-Jl! ^-^- ^-^r1- (3-4) 
(n + I)

2 * A 

where A is the wavelength of normally "'ncident monochromatic light. 

For Od large enough, Eq. (3-3), averaged over the band width £>., 

becomes [3-5] 

t   = (1 - R)2 e"^ . (3-5) 
av. 

In this investigation, under conditions such that Eq. (3-5) is 

.3 
valid, optical transmission to l/l =10  as a function of pressure 

P to 10 kilobars has been measured for two samples of JaAs near the 

fundamental absorption edge at 2950K. 

Figure 3-1 shows the effect of pressure on the transmission of 

GaAs 11.  The experiment was performed with the system used for re- 

fractive Index measurements [2-2].  Spectral slit width was .004 eV. 

Figure 3-2 is taken from Fig. 3-1 and displays the effect of pressure 

on the energy of constant transmission iku for various values of 

-2 
t < 10  . 

For Fig. 3-3, equivalent to Fig. 3-1 for GaAs ila, the experi- 

mental system of Fig. 2-1 was used as described in Chapter 2 for 

transmission measurements.  S^jctral slit width was .002 eV.  Figure 

3-4 is taken from Fig. 3-3 exactly as Fig. 3-2 is taken from Fig. 3-1. 
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Within experimental error, there are no trends in the pressure 

shift of energy of constant transmission presented in Figs. 3-2 and 

3-4. An average gives 

dOlü) ) , 
u -(1.17 ±  .03). lO"3 eV/bar , (3-6) 

dP 

d(ln to) .-6 
— -(8.27 ± .21)- 10  1/bar . (3-7) 

dP 

The connection between this pressure coefficient of isotrans- 

mission near the optical energy gap and the pressure dependence of 

various energy gaps will be discussed in Chapter 4. However, it can 

be noted that Eq. 0-6) agrees moderately well with a pressure coef- 

ficient of isotransmission, measured at constant t > .1, of 1.22 • 10 

eV/bar reported by Warschauer and Paul [3-5]. Equation (3-6) is also 

in agreement with the proposal of Paul [3-7], based on isotransmission 

measurements, that the pressure dependence of the energy of the 

If, 5v-r-  j or Ir^s»^ "■ r,,c| transition in group III-V or IV semicon- 

ductors is about 1.3' 10  eV/bar independent of material. 

A more precise measurement near the optical energy gap is that 

of Feinleib et al,[3-81 which reported (1.07 ± .03) • lö" eV/bar for 

the pressure shift of spontaneous emission in GaAs diodes at 300oK, 

in fair agreement with Eq. (3-6). A speculation concerning the re- 

lation between this result and E-j. (3-6) will be made in Chapter 4. 
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C. REFRACTIVE INDEX OF GaAs 

For sufficient resolution, a measurement of transmission under 

the conditions given by Eqs. (3-3) and (3-4) will display oscilla- 

tions or fringes as a function of wavelengths with maximum and mini- 

mum transmissions at wavelength given by 

maxima: 2 nd = fh I ■ 1,2,3,... (3-8) 

minima:  2 nd - (i + i)>   i - 0,1,2,... . (3-9) 

Deteririnations of these maximum and minimum positions were used in 

this investigation to measure (1) n as a function of fxa  from .3 to 

1.2 eV at 2 temperatures T, 2980K and 960K, and (2) n as a function 

of ftu from .3 to 1.4 eV and as a function of pressure to 8 kilobws 

at 2980K. 

The experimental system ha? been described by Prakash [2-2]. 

Detectors; and prisms for various wavelength ranges were specified 

in Chapter 2. All measurements were performed on sample GaAs 11. 

A variation in sample thickness of about l^i prevented fringes being 

-2  2 
observed until «:he sample was masked to present an area of 10  cm . 

For suitable resolution, the transmission then displayed fringes 

whose amplitude was about 10 to 30^ of the total transmission. 

Maximum and minimum positions were estimated visually and differed 

by < .1^ from positions determined by normalizing, transmission and 

plotting half-width points. The order £ was determined unambiguously 

by assuming n does not change significantly at long wavelengths 



between successive excrema of the same kind at wavelengths X. and 

"hj-    This assumption holds to .1^ for GaAs at 4^ for d about Iby. 

[3-9], and using Eq. (3-8) 

"2 1 a \ T" (3-10) 

which for GaAs 11 ranged from i » 25 near .3 eV to I s L'O at 1.4 eV. 

Equation (3-10) also defines the mirimum resolution needed to resolve 

two successive extrema for given i . 

Equations (3-8) and ( 3-9 ) define uniquely only the quantity nd. 

For both samples GaAs 11 and GaAs Ha, values of n near .3 eV were 

taken from the literature [3-9] and used with Eqs, (3-8), (3-9 ), 

and (3-10, to determine d. This value of d was then used to deter- 

mine values of n at other energies. The experimental error in de- 

riving d was * .5%  and this is also taken as the experimental error 

In n. However, it can be noted that the functional dependence of n 

on "h  is more accurate than the absolute value since the normalization 

was done at only 1 point. 

Figure 3-5 displays n determined in the above way as a function 

of light energy at 2980K, and, for comparison, values of n determined 

uniquely by the prism method by Hambleton et al. [3-9] and Marple [3-10].^ 

There is excellent agreement with Hambleton et al.between .3 eV and 

.7 eV, and with Marple between 1.2 and 1.4 eV. The agreement with 

The author is grateful to Dr. D. T. F. Marple tor supplying a graph 
of unpublished measurements of n versus fku for several temperotures. 
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Marple between .7 and 1.2 eV is sltghtly poorer but stiil nearly 

within experlaiental error. This slight deviation could possibly 

be explained by strains and defects built into the sample by mechan- 

ical polishing damage. An alternative explanation could be that in 

Marple's less pure sample transitions from impurity levels slightly 

increased the refractive index in the energy region 0.7 to 1,3 eV. 

From plots similar to Fig. 3-5 at various temperatures and 

pressures (after correcting d for thermal expansion [3-11] and for 

compression [3-12]) it is possible to obtain the change in n at 

constanf. energy versus temperature or pressure. A representative 

graph of n versus T at constant energy is shown in Fig. 3-6a and 

compared with Marple's results [3-10]. The estimated error in 

measuring dn/dT in GaAs 11 Is ±20^.  It can be seen that the two 

determinations agree within experimental error but that the more 

complete and more accurate data of Marple [3-10] must be regarded 

as the best measure of dn/dT. 

A representative graph of n versus P at constant energy is 

shown in Fig. 3-6b. The experimental error In dn/dP is estimated 

as ±5%. 

Figure 3-Va shows the variation of d In n/dT at constant 

energy versus light energy for results reported by Marple [3-10], 

Cardona [3-13], and this investigation. The agreement is good with- 

in' experimental error. 
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The variation of d In n/dP at constant energy versus light 

energy Is shown In Fig. 3-7b. It can be noted that results of Fig. 

3-7hf  assumed constant as a function of temperature and extrapolated 

to appropriate energies, were used by Feinleib et al.[3-8j end Stern 

[3-14] to explain the pressure coefficient of stimulated emission of 

GaAs diodes at 770K. 

D.  FARADAY ROTATION MEASUREMENTS IN GaAs 

a. Experimental Method 

The experimental system has been described in Chapter 2 and is 

illustrated in Fig. 2-1. The method used in this investigation to 

measure Faraday rotation was a null-balance technique based on a 

system first developed by Pidgeon [3-15],  In both the original 

method and the modification used here, the measurement of angle of 

rotation at a fixed wavelength was converted into an intensity measure* 

ment by assuming the Law of Malus [3-16] which asserts that the in- 

tensity transmitted through two polarizers varies as the square of 

the cosine of the angle between their principal axes of polarization. 

More simply, the intensity is governed by an equation similar to 

Eq.  2-1 and looks like Fig. 2-2 rfhen one polarizer is rotated. If 

the polarizers are fixed at some angle a>. s ** constant relaclve to 
A 

each other and the Faraday rotation Induced in a sample between 

them is considered only to add to or subtract from this constant 

angle, it is clear that measurements of intensity yield directly 

the angle of Faraday rotation. 
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In particular, the arrangsment adopted In this investigation 

is shown scheiaatically in Fig. 3-8. The situation for zero mag- 

netic field is displayed in Flg. 3-8ä. Light of intensity I was 
o 

incident on the polarizer which divided it into a completely linearly 
p 

polarized portion I- with a vertical polarization mode, and a com- 

pletely unpolirized mode I . This light then passed through the 
p 

sample becoming in the polarized mode I- and in the unpolarized 

part I.. The analyzer, set with its principal polarization axis 
p 

at an angle 8 relative to the polarization direction of I2, passed 

intensity I- cos (Ö) + I- to the detector where I. and I, + I« were 

the minimum and maximum transmitted intensities of the system. 

In Fig. 3-8b when the magnetic field was non-zero, the light 

P   Ü 
incident on the analyzer 1^    ^^fi ^a^  ^a^ it:8 P0larlzatlon toode 

changed from its former direction by the angle ±6^  of Faraday ro- 

tation J After passing through the analyzer the intensity detected 

was i3H co82(e ± ef) + ilJH. 

The above description nay be considered perfectly general ex- 

cept lor two assumptions: (1) that, for H / 0, the linear polariz- 

ation direction was changed in the sample only by Faraday rotation 

of transmitted light: that is, the reflectivities are the same for 

the oppositely circularly polarized components of the linearly po- 

larized light; and (2) the mirror (not shown in Fig. 3-8) focusing 

radiation on the detector has the same reflectance for all light 

polarizations. 

C' is positive when clockwise for radiation propagating along the 
magnetic field toward the observer. 
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The failure of either •••unption topllee that the raagnltude of 

one component of peleriietion Is enhanced with respect to  the other. 

Thi« in turn iopliei a change in elliptlclty and a consequent change 

in degree of polarisation. As seen below, no such change was observed 

end hence the assumptions hold. The vslldlcy of assumption (1) confirms 

a theoretical conclusion of Donovan and Medcalf (3-17) for infra-red 

light. 

To make use of the flnsl experimentally detected intensities in 

Figs. 3-6a and 3>8b, the further assumption wss made that 

lm     l3 = l Tu     Tu     ru 
MH =I3 -   l (3-11) 

which to be true in general required, for magnetic field on and off: 

(1) the Incident light intensity to be constant, I0 " I « • which 

was found true to AX  for the period of a Faraday rotation 

measurement (about 15 minutes) 

(2) the degree of polarisation of the system to be unchanged, 

which was found to hold < .3% ; 

(3) the total transmission to be constant, except for the vari- 

ation due to the Law of Malus, which wss found true to < .31; 

(A) and the detector sensitivity to be constsnt, which was found 

to hold to < .IX. 

Using Eq. (3-11), the system of Fig. 3-8 yielded three experi- 

mentally measurable intensities 
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H = u 

H+/ 0 

H" /f 0 

i = ip cos2(e) + iu 

i+ - ip cos2(e-eF) + iu 

i" - ip COS
2
(ö- ev) + iü 

Define 

AI - I+ - l" » IP[cos2(0- e_)  - co82(e+9j] r s 

- IP 8in(2eF) sin(29) 

For maximum sensitivity, 6  ■ 45° + 8 where 5 was a small error 

in setting the analyzer relative to the linear polarization di- 

rection. Equations (3-12) and (3-15) became respectively 

I = IP cos2(450 + B) + Iü « i IP[1 - sin(25)] + IU 

AI - IP 8in(2e_) 8in[2(450 + 5) - IP 8in(2eJ co8(28) 
f F 

Dividing Eq. (3-17) by Eq. (3-16) 

2IP 8in(2eF) co8(25) 

1    IP[l-sin(25)] + 2IU 

(3-12) 

(3-13) 

(3-14) 

(3-15) 

(3-16) 

(3-17) 

(3-18) 

and assuming terms of order 8 may be neglected compared to 1 

t   foa \       £1 IP(1- 25) + 2IU 
sin(2eF) = 2i       ^f 

If 5 < .005 radians - .29 degrees, 28 may be neglected compared 

to 1 with an error < 1^. 

Finally, the depolarization f* ...v was defined as 

D _ XP + 2I
U 

(3-19) 

(3-20) 



Thus the angle of Faraday rotation was determined by measur- 

ing three experimental quantities, D, I, and AI: 

8in(2eF) - ^ (3-21) 

b. Experimental Procedure 

The method of section 3tD.a.  tacitly assumed axial symmetry 

and perfect alignment of axes Tf polarizers with the light axis. 

Deviations produced irregularities in transmission as the analyzer 

rotated which Invalidated Eqs.   (3-12),   (3-13), and (3-14).     ^u? 

the first step in rrorMure was to    lign tv^ system of Fig.       . 

The f uumfaer of the light beam varied from 6 to 10.    Whfa the 

polarizers were properly aligned,  there were no transmission ir- 

regularities dee  to non-normal  incidence of sot,.e  ligi.w rays. 

The second step involved making the tests described in the 

discusbion on page 3-19 of the assumption of Eq. (3-11). 

Third, Eq. (3-12) was ascertained to hold and D determined 

to be constant as a function of wavelength and hence constant 

throughout, the experiment. The analyzer next was set, using Eq. 

(3-12), to an accuracy of < .3% which implied S < .2 degrees and 

satisfied the assumption following Eq. (3-19). 

Lastly, the actual experimental measurement of AI and I was 

performed. A typical recorder trace at constant wavelength is 

shown in Fig. 3-9, nt  a certain gain setting A, a deflection D,, 
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proportional to  I wes measured. A scale expansion of a factor of 

5 to 10 was then mode by Increasing the gain and subtracting 90^ 

of I with an electronir. signal at the detector. The field was 

turned on for two directions and the quantity Al proportional to 

the deflection D-- Dl at gal-i setting B was measured by averaging 

over the uoise visually. The ratio ^l/l was then given by 

zD 
(3-22) 

1 

where z was the gain ratio between gains B ar>d A. Equation (3-21) 

then gives 

D(D, + DJ 

sin(2eF) -   * (3-23) 

As D, z, and D1 could be measured to < 1^ the principal error in 

6 arises from error in (0- + D^j  which was typically about 2%  as 

shown In Fig. 3-9. The main source of this error was the .4^ in- 

stability In I over the measurement period. The original method 
■^    o 

[3-13] avoided this difficulty by using two spectrometers and sub- 

tracting from I for scale expansion by source light of opposite 

phase, thus avoiding stability proolems and giving an error in 6„ 

of only 1%. 

A typical test demonstrating direct proportionality between 

magnetic field and eF is shown in Fig. 3-10. 
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c . Expertmental Dlfficul r.lcg 

The theoretical expressions for 6* given In Chapter I as- 

sume monochromattc Incident light. The experiment demands a cec- 

talj> spectral slit width In th« taonochrotnator to insure sufficient 

light energy for detpctic- . The first difficulty to arise, then, 

was slit width dependence of 9  .    In Eq. (3-22) LI  was the essential 

2 
variable of 6_ and was proportional to Ä . However, the magnitude 

f 

2 
of I was also wavelength dependent. For illustration let AA - AA ? 

I - B/A, then 

. „.  mi  DA ,3 
efa) - TT " 2B x (3-24) 

Integrating near X for spectral slit width AA gives 

W ' i ^ 
o J 

(3-25) 

vhere  i(AVA ) is the error in 6p due to finite slit width. In 

general, the A decadence of I was not as simple as l/A and the 

situation tnus b. regarde' as a possible source of error.  For all 

Faraday rotation measurements reported in this investigation checks 

were made on possible slit width dependence of 0_ and spectral slits 

reduced until the dependence disappeared- 

Scattered light of different X than A will also contribute to c o 

error in 9T,(A ).  In the Ferkln-Elmer 12c monochroraater. scattctcd 
F o 

light, mainly of low wavelength, can be «s much as 15^ of ?-h:> t-f»! 
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light beam  at 15^. In this report, all meaaurements were made 

with long wavelength band pass filters which, by blocking short 

wavelength light, reduced the scattered light in the beam to < 1^. 

Aside from the  general "black body" wavelength dependence of 

I due to the source, atmospheric absorption bands presented diasti- 

cally varying I at certain wavelengths in the infra-red. Figure 

3-11 shows measurements of $„ in  a GaAs sample near the 4.25^ C02 

2 
absorption band. The straight line givea "h   dependence of 6- ex- 

F 

pec ted both from theory and from extrapolation of other measured 

points. However? the experimental points indicate an anomaly in 

6p which, since It is resolution dependent,, is due to the rapidly 

changing 1 near ne absorption band. In general, to avoid mislead- 

ing resets, it is well not to take measurements in absorption band 

regions and this policy wap adopted in this investigation. 

With the above sources of error in mind, Faraday rotation 

measurements were made on parallel-sided samples of GaAs. Typical 

results are presented in Fig, ?-12 which shows Verdet coefficient as 

2 
a function of X . The Verdet coefficient is defined as 

^FCradians) 
dH (3-26) 

7 
The raw experimental points in Fig. 3-12 do not go to zero as A 

2 2 
goes to zero. The A dependence is not simply proportional (Vs-AX ) 

as predicted by theory in Chapter 1, but, rather, proportional with 
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2 
an additive constant (V « BA + C). The same phenomenon has been 

reported without explanation by Ukhanov [3-18^ Cardona [3-19], 

and Filler [3-20]. Subtraction of the interband rotation does not 

completely remove the anomaly as shown in Fig. 3-12. 

Extension of the measurements to longer X did produce experi- 

2 
mental points which, as a function of "h ,  gave a straight line which 

2 
extrapolated to V • 0 ■ A . The increase in free carrier absorption 

at long wavelengths suggested that multiple reflections allowed by 

low absorption at short "K  in the parallel-sided sample were affect- 

ing V as measured in Fig. 3-12. 

Consequently measurements were made on a GaAs sample which 

was wedged 1° (see Fig. 3-12) to reject multiple reflected rays. 

Experimental points measured for such a configuration and corrected 

for Interband rotation are also shown in Fig. 3-12 and it can be 

2 2 
seen that the A dependence extrapolates to V=0«A . 

In retrospect it is clear that multiple reflections would 

naturally affect V since light reflected twice within a sample has 

passed through an equivalent length of sample that is three times 

longer than the path of the basic transmitted beam, and hence will 

have a linear polarization direction that has been rotated three 

times farther.  Further, the reflected polarization direction will 

now have a phase difference of 2 osnd/c with the transmitted polar- 

ization and may add or subtract from the basic V depending on the 
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sign of exp[2iüjnd/c]. Finallyf the magnitude of the twice-reflected 

V varies with respect to the basic V as exp[-2 Od] where Oi is X de- 

pendent. Thus, in general, Faraday rotation results are suspect un- 

less provision has been made to reject multiple reflected beams by 

wedging or unless the absorption is sufficient to eliminate multiple 

passes■ 

„n this investigation, measurements were made on plane parallel 

samples at wavelengths long enough to insure that internally doubly- 

reflected light was < li)  and higher reflections even less. As 

2 
mentioned, these measurements gave straignt lines of V versus "h 

2 
that passed accurately through V « 0 * X . The samples were then 

wedged 1° which was calculated to be a sufficient angle to reject 

amply from the main beam all multiple reflections, Rotacion 

measurements were extended to low wavelengths and still gave straight 

2 
lines through V = 0 = A . Because of wedging there was an uncer- 

tainty in d in all but the two thickest samples, GaAs 11 bw and 

24 aw, thus giving a corresponding uncertainty in the absolute V. 

This fact is unimportant for the pressure and temperature measure- 

ments since only relative changes with these parameters are of in- 

terest.  However, for consistency,all room condition results are 

presented normalized to the long wavelength measurements. 

The last experimental difficulty concerned the sapphire win- 

dows used in the optical bomb for pressure measurements. When used 
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at grown, the cylinder axis of the i inch diameter by J inch long 

windows was at an angle of 60° to the c axis. The birefringence 

resulting from this configuration degraded the linear polarization 

of the experimental system by introducing elllpticity which seriously 

reduced the sensitivity.  It was found necessary to obtain sapphires 

whose c axis was aligned to the cylinder axis to within 1°. With care, 

the polarization then obtained was 88^. 

d. Infra-red Faraday Rotation Results 

The dependence of free carrier Verdet coefficient (V_) on 
E 

2 
wavelength squared (?v ) for 4 n-type samples of GaAs under room 

conditions is shown in Figs. 3-13 and 3-14.  Included In Fig. 3-14 

is the long wavelength interband Verdet coefficient of a near- 

intrinsic sample of GaAs which agrees within experimental error 

with a measurement by Smith [3-21] on a crystal of semi-Insulating 

GaAs. This agreement confirms the theoretical result of Chapter I 

that the slight variation of the long wavelength interband rotation 

with carrier concentration may be neglected and thus the interband 

rotation for a near-intrinsic sample may be subtracted from the ex- 

perimental results on doped samples to obtain the free-carrier con- 

tribution CO . 

t 
Room conditions are defined for this investigation as measurements 
in air at atmospheric pressure at a controlled temperature of 2950K. 
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It can also be seen In Figs. 3-13 and 3-14 that there are no 

2 2 
deviations in the region 3 to 5n (9 to 25u ) of V^ from A* straight 

liue dependence which confirms the theoretical conclusion of Cuap- 

ter 1 that the additional absorption in this region reported by 

Spitzer and Whelan [3-22] does not contribute significantly to 

Faraday Rotation. 

In Chapter 4 the effective smss of GaAs for room conditions 

is derived from Figs. 3-13 and 3-14 and compared with the literature. 

2 
The dependence of interband V on >> as a function of temperature 

between 80oK and 3000K is shown in  Fig. 3-15. The dependence of V_ 
F 

2 
on >. as a function of temperature between 800K and 300oK for three 

n-type samples of GaAs is shown in Figs. 3-16, 3-17, and 3-18. 

Points at each temperature are displaced a constant amount for 

clarity. The percentage change of effective mass in GaAs with 

temperature is derived in Chapter 4 and compared with changes in 

various energy gaps. 

Figure 3-19 shows the pressure dependence of interband V versus 

2 
A for 1 bar and 10 kilobars. Figures 3-20, 3-21, and 3-22 show 

2 
L.e pressure dependence of Vy versus A from 1 bar to 10 kilobars 

for three n-type samples of GaAs. Points at each pressure are dis- 

placed a constant amount for clarity. The percentage change of ef- 

fective mass in GaAs with pressure is derived in Chapter 4 and re- 

lated to chants in various energy gaps. 



3-3!) 

VEROET COEFFICIENT V Cg^'0"*) 

-n o 
o 
in 

a» 
H 
m 
S 
"D 
m 
JO 
>> _* 

c o 
X $ 
r > 

< 
o m 
m r 
•v m 
m ? 

n 
m X 
?» 
o o 

c ro 
o -n 

>o 
X m 

— to ^ 
H ■>" m fa 
3) 

> **„ 
^ *m* 

o 

s- 



3-36 

i 

VERDET COEFFIOENT V  {*£$$*) cm. gauss 

i       !       r 

i 

s 



■    :/        ■ 

8-ST 

8 

O 

% 
M o 

^. CTi 
'- 

Q    N </> 
fO     ■*■ < 

O 
O O 
ÜJ 

< Q: o 3 it 
O 
CO 

> 
I 
!~ u. 
O o 
z 

o   H III 
CVi      ~i < ■) 

ÜJ -7 

1 

o 

LÜ 
O 

ÜJ 
a: 
D 
< 
er- 
a. 

UJ 

ro 

o 

(suui^trf) A  IN3DIJJ300 13aa3A 



""••B 

8 

o 

wT 5 
4. o 

■^w CM 
CJ 

C) ^< 
f. 

O -.• 

UJ O 
cr 
5 

o ö i,i. en 

X > 
t- 
o ÜL 
2 Ü 
W 

o _j UJ CJ UJ o 
< Ii 1 

o 
z 
a. 
o 

rr. 

< 

:•" 

4 

L~b ssnoD UiD 
Süospoj   0i )   A  INSIDUdlOO 130^3.A 



3-39 

2.0 

1.5 

TT—T T       i      r^    r i      r 

c 
o 

O 

y   1.0 
o 
U- 

D 
U 

O 

> 

0.5 

1 bar 

10238 bars 

GoAs 11 bw   IM < 1.5-10    cm" 

• INCREASING PRESSURE 

o DECREASING PRESSURE 

J L. A.^-1 L J „,[,„,.. L 
0 10 20 

WAVELENGTH   SQUARED   X2 (/x2) 

FIG. 3-19   PRESSURE DEPENDENCE  OF iNTERSAND V 



»-40 

O 

m   3 
5 
o 

■"■ 00 
<U 

tf> 
a < 
ÜJ o 
tr o 
< 
^ (T a O 

i > 
h- 

o   § 
—     UI fe 

_i 
UJ UJ 
> (J 
<£ T' 
» UJ 

o 
z 
IÜ 
UJ 
Q 

UJ 
to QC 

D 
W w 
UJ 
a: 
a 

o 
CVj 

IO 

O 
i^\ u. 

I 



M 

i—n r- 

6a As 19a w 

i—i—i—i—i—r 

SUBTRACT/ 
_  • INCREASING  PRESSURE 

o DECREASING PRESSURE 

in 
c 
o 

e 
b 

tn 

O 

£ 

i o 
u. u. 
LU o u 
I- 

Q 
tr 

PRESSURE 
(bars) 

10290 

3-41 

WAVELENGTH   SQUARED  X2 (/x2) 

FIG. 3-21   PRESSURE DEPENDENCE OF V FOR GoAs  l9ow 

K. 



3-42        » 

o 
c 
o 

TJ 
O 
i 

• o 

t/) 

£ 
o 

LU 
O 
U_ 

8 
LÜ 
Q 
a: 
LU 
> 

i      r 

GaAs 12CW 

•PRESSURE 
(bars) 
9820 

7720 

.5030 

258Ö 

T r T 
SUBTRACT 

1.6 

i        L-—J 

fc INCREASING PRESSURE 
s DECREASING PRESSURE 

-J i I L j i 

10 20 

WAVELENGTH   SQUARED   X2 {/i2} 

FIG. 3-22   PRESSURE  DEPENDENCE  OF V FOR 
GaAs 12cw 



BLANK PAGE 

N- 

M 
I 



3-4' 

OIAFTER 3 — BIBLIOGRAPHY 

[3-1]  1. Isenberg, B. R. Russell, and R. F. Green, Rev. Sei. 
Instr., 19, p. 685, 19^8. 

[3-2]  H. Ehrenreich, Phys. Rev., 120, p. 1951, 1960. 

[3-3]  See reference [2-1], but p. 2-13. 

[3-4]  M. Czerny, Z. Phys., 65, p. 600, 1930. 

[3-5]  A. Kahan and H. G. Lipscom, AFCRL-63-325, Air Force 
Cambridge Research Laboratories, Hanscom Field, Massachusetts, 
1963 (unpublished). 

[3-6]  D. M. Warschauer and W. Paul, unpublished measurements, 
ref. (45) of W. Paul, J, Appl. Phys., 30 supp., p. 2082, 
1961. 

[3-7]  W. Paul, J. Appl. Phys., 30 supp., p. 2082, 1961 

[3-8]  J. Feinleib, S. Groves, W. Paul, and R. Fallen, Phys. Rev., 
131. p, 2070, 1963. 

[3-91  K. G. Hambleton, C. Hilsum, and B. R. Holeman, Proc. Phys. 
Soc, 77, p. 1197, 1961. V. F. Oswald and R. Schade, Z. 
Natur., 9A, pi 611, 1954. 

[3-10j    D. T.  F. Marple, G. E. Laboratories,  Schenectady, New York, 
private communication,   1963.    D.  T.  F.  Marple,  J. Appl. 
Phys.,  35,  p.  1241,  1964. 

[3-11] S. I. Novikova, Sov. Phys. Sol. Stace, 3, p. 129, 1961. 

[3-12] C. W. Garland and K. C. Park, J. Appl. Phys., 3_3! p. 739. 
1962. 

[3-13] M. Cardona, Proceedings of the Internaticnal Conference on 
Semiconductor Physics, Prague, 19G0, p. 288. Czechoslovak 
Academy of Sciences. Prague, 1961. 

[3-14] F  'ern, Phys. Rev., 133. p. A1653, 1964. 

[3-15] C. R. Pidgeon, Infrared Magneto-Optical Phenomena in Semi- 
conductors, thesis. University of Reading, England, 1962 
(unpublished). 



3-44 

[3-16]  E. Malus, MÄn. Soc. Accueil, 1, p. 113, 1808. 

[3-17]  B. Donovan and T. Medcalü, Phys. Rev. Letters, 7, p. 304, 
1963. 

[3-18]  Y. I. ükhanov, Sov. Phys. Sol. State, 5, p. 75, 1963. 

[3-19]  M. C»Tdona, Phys. Rev., 121, p. 752, 1961. 

[3-20]  H. Piller, Physics of Semiconductors, Proceedings of the 
7th International Conference. Paris. 1964. p. 207, Dunod, 
Paris, 1964. 

[3-21]  S. D. Smith, Unlveraity of Reading, England, private com- 
munications, 1964. 

[3-22]  W. G. Spitzer and J. M. Whelan, Phys. Rev., 114, p. 59, 
1959. 

[3-23]  C. Hllsum «nd AC. Ro«e Innes Semiconductinp IIIV 
Compounds p. 77. Perpamon Press, Nev York, 1961. 
0. Madelung, Physics cf IIIV Compounds, P 723, 
Johi. Wiley nnd  Sons, Inc. , New York, 1964. 

[3-24]  R. F. Broom, R. Barrie. and I.M. Ross, Halbleiter und 
Phospher. p. 453, Friedr. Vieweg und Sohn. 
Braunschweig, 1958. 



4-1 

CHAPTER 4 

CONCLUSIONS 

A.  FORBIDDEN ENERGY GAP IN GaAs 

a. Preesure Dependence 

The experimental results presented in Eqs. (3-7) and (3-8) of 

section 3.B are obtained from isotransmission measurements on the 

exponential absorption edge of GaAs at energies slightly below the 

optical energy gap. Zallen [4-1] has shown that constant trans- 

mission measurements are equivalent to constant absorption measure- 

ments. Since the results of Eqs. (3-7) and (3-8) show no variatici 

of isotransmission pressure coefficient over 2 decades of trans- 

mission variation, it is assumed that no chan^o of shape of absorp- 

tion edge with pressure occurred. The isotransmission pressure 

change can then be interpreted as a change in energy of the states 

determining the absorption. 

Sturge [4-2] has shewn experimentally that the exponential 

absorption edge below ch« true optical e.-^rgy gap in GaAs is caused 

by exciton absorption. There exists no explicit relation for ex~ 

citon states in GaAs. However, Elliott [4-3] has developed expres- 

sions for the case of a semiconductor with two simple bands which 

may be considered an approximation to the actual situation in GaAs. 

According to Elliott [4-3], transmission below the optical 

energy gap between two simple parabolic bands will be governed 
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by the abtorption arising from direc*: allowed exclton transitions 

at energies &0 given by 

ftüx - Fg(T) - Ex . (4-1) 

The energy gap determining the exclton fffecl has been written as 

a free energy gap F (T) to conform to the theory of section l.B 

which suggests that optical energy gaps are really free energy 

gaps. E is the exclton binding energy given by x 

mm. 4 en       e 
Ex -  

£-iL-2 —22" > i '  1'2'3 •• '        (4-2) X
  (me +1^)/  (2 ft ■ €') 

2 
where € (■ n ) Is the dielectric constant and m and m. are the 

effective electron and hole masses respectively. 

Using Eq. (1"22) the pressure dependence of F (T) may be found 

to be 

dF(T)  dE_  dAFCT)  dEoT 
—S  = —Si + -£ m —Si (4.3) 

dP    dP    dP      dP K    J' 

where E in Eq. (1-22) has been replaced by E _ (the implicitly 

temperature dependent energy gap corrected for lattice expansion 

and defined in Eq. (4-19), and wh^re d[A F (T)]/dP, the pressure 

change of the electron-phonon interaction per electron, has been 

neglected. This has been done because it seems reasonable that 

the l/U%  change in GaAs lattice constant for a pressure change 

of 10 kilobars will have negligible effect on the electron-phonon 

interaction. 



The pressure dependence of äüc^ is then 

d fici)v      d F (T)      dE        dE _      dE 
 ?. .  ä_ . _* . _8l 2i f 4.4) 

dp dP dP        dP        dP   ' V 

and the pressure dependence of -    Is 

dE '        m. um m da        ,     .   "? 
—i . E    Sh    —e       e    Zb. . i   *!» f4.5) 
dP        xme(me+tnh)      dP + n^Cm     mH      dP      n    dP <  * ^    :,; 

For 2 simple parabolic bands 

m 
■ta,       1    «ä'V        l 

dP " %     dP  * EgI 

«IT 
dp  * 

4-5) becomes 

x E _    dP        n dPl 
L S1                          J 

} 

dE 
 x 
dp" 

and Eq.   (^-4)  becomes 

(4-6) 

(4-7) 

d to.        dE „, r E    ^      4E     . 
 ± = -JBl! 1  . -JL   + - Jl dn (    8) 

dP dP   ■ 1      E „ 1       n    dP    ' ^ U; 

gT - 

_3 
Sturge    [4-2] calculates E    ^ 4« 1C      eV and,  since E _ « 1.5 eV, 

x gi 

E /E  is negligible compared to 1. Also, from Fig. (3-7b), 

(l/n)(dn/dP) can be seen to be of the order of 2.5 ■ 10  (bar) 

near the optical energy gap. This implies that the last term in 

-8 
Eq. (4-8) is of order 4 • 10  eV/bar which may be neglected com- 

pared to the experimentally determined dE /dP of order 1.2 • 10 

eV/bar. 
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Thus Eq.   (4-8)  becomes 

d ttxiv      dE 
!*-£. s —fti- C4-9) 

dP dP      • ^ y; 

The Individual exciton lines at energies ftu are broadened so 
x 

that experimentally measured absorption below the optical energy 

gap has an exponential dependence on energy. However, Eq. (4-9) 

shows that the pressure dependences of all exciton lines are nearly 

identical and hence the results of Eq (3-7) for isotransmission 

measurements on the exponential edge way be identified with Eq. 

(4-9) to give 

d fti)   d tko   dE , 

■7rI--i5JL--dr-<1-17±-03> 10 & (4-io> 

Equation (4-10) and the diode pressure coefficient of Feinleib 

_5 
et ai. [3-8] of (1.07 ±   .03) . 10  eV/bar disagree by a margin ex- 

ceeding experimental error.  This can be most simplv explained by 

associating •'.he energy of diode spontaneous emission with non-band- 

to-band transitions such as those between non-hydrogenic impurity 

levels (near the conduction ban;') and valence band.  Indeed, Fein- 

leib et al. tentatively found transitions from a degenerate con- 

duction band unlikely since they saw no pressure change of line- 

vidth of the spontaneous emission line for constant current. 

However, it is possible to reconcile and indeed explain the 

temperature dependent pressure results of Fcinleib et al. with 



the Pankr7e [4-4] model of diode emission by photon-assisted 

tunneling between degenerate conduction and valence bands. It 

will be shown in sectioit 4.B that the conduction band effective 

-"»ass ra* increases about 6%  in 10 kilobars. From Eq. (1-32) m* 
o ' n        o 

enters to the 3/2 power in determination of Fermi level. If the 

Pankove [4-4] model is assumed to hold, it is thus necessary to 

assume an increase in injected carriers of about 10^ in 10 kilo- 

bars to maintain the Fermi level at a constant distance from the 

conduction band edge. In this case no significant pressure change 

would be expected in a linewidth determined by a degenerate con- 

duction band distribution. 

Such an increase of carriers was possible in the constant 

current experiments of Feinleib et al. but a detailed analysis of 

the actual current-voltage relations for the diodes used and a 

knowledge of pressure changes of such quantities as mobility and 

recombination time would be necessary in order to establish the 

exact magnitude of any carrier density change. 

Grai •■ed that the increase took place,  the pressure coeffi- 

cient discrepancy could then be explained by attributing the energy 

of the spontaneous emission line to a free energy separation F (T) 

between degenerate conduction and valence bands written as 

FS(T) = EgT + EF + Ä Fg(T) (4-11) 
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the electron distribution, ^nd A F (T) is tue ele^tron-phonon inter- 

action per electron. The quantity A F (T) essentially arises from 

the distortion of the lattice from perfect periodicity at 0oK to 

thermally distorted positions at a temperature T. It is perhaps 

not unreasonable t ) assume that tl e presence of quasi-free elec- 

trons in the conduction band will also further distor* the lattice 

of ion cores by coulombic interaction. Thus it can be expected 

that a free energy gap or separation may depend on carrier concen- 

tration.  Indeed, several reports [4-5] have noted the dependence 

of optical absorption in GaAs on carrier density.  If the optical 

gap should be interpreted as a free energy gap, the reports indi- 

cate that increased carrier concentration lowers the free energy 

or increases the negative electron-phonon interaction. Since a 

pressure dependent carrier density has been postulated for the 

diode results of Fsinleib et al., the above argument leads to a 

pressure dependent AF (T) . AP the simplest assumption, it will 

he stipulated that A F (T) increases linearly with percentage in- 
g 

crease of carriers. 

The pressure change of F^CT) would then be given as 

-iF-CO  dE-  d[AF(T)]  dE dn 
_i Si +  i  a —Si + A F (T) ■-       (U-IU) 

d?  " dP +    dP      d? + "'g^1^ n. dP '      ^ 14> 

« 

where E „ is again the forbidden energy gap corrected for lattice 
gT | 

expansion, £_ is the pressure independent energy contribution from 
j 
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k 

The quantity a F  (T)  li found frons Fig.   (4-1) by subtracting 

E T(T).    Asstiining   dE0/dP   does not change with temperature,  Eq. 

(4-14) yields   for two tensptmture» 
j 

d FC(T) c  „v „5     i 
300oK; dp        s (1.17 ±  .03) ' 10 3 f~:+ (-.08)eV- 10     ^ 

| 

-  (1.09 ±   .03) • 10"5 ^ ; (4-15) 

d V1^ -5   *v -5     1 
77ÖK;     -^f—S(1.17± .03) -10^4- (-.ODeV-lO5^ 

(1.16 ±  .03) -lO*"5 j™ . (4-16) 

Equations (4-15) and (4-16) agree within experimental error with 
'&■■ 

the diode line pressure coefficients of Feinleib et al» [3-8]: 
f; 

300eK ;  ^ = (1.07 ± .03) ■ lO"5 ^ j (4-17)       I 
■ 

770K;  2_|r» (1.13 i .03) .10"5^ . (4-18)        | 
I 

If a free energy separation is indeed the correct energy to 
f 

assign to the diode spontaneous emission line, the fact would 
% 

lend support to the suggestion of James  [1-4]  that changes in op- 

1 
tical energy gaps with temperature should be  interpreted  in terms 

of changes  in electron-phonon  interaction rather   than as changes 

in  thermal energy gaps. 
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b. Temperature Dependence 

While no independent determinations of the temperature de- 

pendence of GaAs energy gaps were performed in this investigation, 

the available experimental data from the literature are presented 

in Fig. (4-1). 

The forbidden energy gap E was defined in Chapter 1 for 

constant volume. Consequently the temperature dependent E _ pre- 

sented in Fig. (4-1) arises from lattice expansion and is derived 

as 

T 

o 

where dE^/dP is assumed independent ot temperature (dE _/dP = 

dE /dP), E is taken from extrapolation to 0oK of the optical re- 

sults of Sturge [4-2], a(T) = (l/V)(dV/dT) is the temperature de- 

pendent volume thermal expansion, and ß(T) = (l/V)(dV/dP) is the 

temperature dependent volume compressibility. The integration 

was performed graphically. 

Finally, the free energy gap, F (T) defined in Chapter 1, was 

taken as determined by the optical energy gap derived by Sturge 

[4-2] from analysis of exciton absorption. 
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- 

B. EFFECTIVE MASS IN GaAS 

a. Room Conditions 

• 
The quantity m* is defined experimentally in Eq. (1-31) and 

is obtained from slopes of free carrier Verdet coefficient V_ versus 

1 2 
X for long wavelengths as 

i *    re3NdH,2;i/2 
' e

3NA2 
1/2 

(4-2C 
2Tr nc c

4 VF_ 
i 

It is assumed that carrier concentration N is constant with wave- 

length, since the incident photon flux was about 10  photons/sec. 

for the experimental conditions. Assuming 100^ quantum efficiency 

and lifetimes —  10  sec. [4-6] would ^ead to a change in carrier 

12   -3 
density of 10  cm.  , which is negligible. The refractive index 

n was corrected for free carrier susceptibility X using 

2   2  v    2    Ne2 ,.  olN n »n -X ~ n r  (4-21) 
c       c       2 ^ 

a) m 
op 

where n is  the refractive  index determined  in Chapttr  3 and rn 
op 

could be roughly estimated since the correction is qi!ite small 

for the measurements reported in section 3.D.d. 

The m  derived from the experimental results of Figs. (3-13) 

and (3-14) for 4 n-type GaAs samples are presented in Fig. (4-2) as 

a function of carrier concentration. 

The theoretical lines shown in Fig. (4-2) are calculated from 

Eq. (1-5) using for E the forbidden energy gap at 2950K, E - 1.51 eV, 
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naken from Fig. (4-1). The spin-orbit splitting was taken to be 

A- -15 eV [4-21. Several curves are shown for a variety of choices 

of m*. and m = .064 m seems the best fit. The theoretically cal- 
cr     o J 

culated lines in Fig. (4-2) are not sensitive to choice of energy 

gap, varying by less than 1^ for a change of E  from 1,51 eV to 
gT 

1.44 eV. Thus while the k*p theory can adequately describe the 

variation of m* with carrier concentration for XVJW conditions, 

it does not distinguish between types of energy gaps. 

In comparing results of this report with the literature, pre- 

vious determinations of effective mass by Faraday rotation which 

2 
do not extrapolate through V » 0 » A have been ignored.  Polariz- 

ation results determined by varying magnetic field at a fixed wave- 

length have also been ignored since there can be no assurance that 

the experimental difficulties shown, to exist in section 3.D.d. were 

avoided. 

The Faraday results of Moss and Walton [4-7], which do go 

through zero, are presented in ^ig. (4-2).  However, their samples 

were such that multiple reflections were possible even at the long- 

est wavelengths.  The free carrier reflectivit> . isult., of Spitzer 

and Whelan [1-12] are also shown in Fig. (4-2) and do not agree 

with the present results.  It should be no^.ed that the discrepancy 

between the results of Moss and Walton, Spitzer and Whelan, and 

the present investigation exists even though all three determined 
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carrier concentration from Hall effect by using R " l/(Nec). The 

discrepancy exists independent of a knowledge of the Hall coef- 

ficient scattering dependence. 

Finally, the infrared cyclotron absorption result of m « .071 m 
o 

by Palik, Stevensotij and Wallis [4-8] cannot be reconciled with the 

results of this investigation. 

b. Pressure Dependence 

The experimental pressure change of ra* was found from the 

2 
slopes of V_ versus "h    at various pressures given n Figs. (3-20), 

r 

(3-21), and (3-22). The pressure change of the interband correc- 

tion was small and is shown in Fig. (3-19). The percent pressure 

charges in m for three n-type samples of GaAs are shown in Fig. 

(4-3) after correcting for the small pressure change in thickness 

d [3-12] and refractive index n [measured at long wavelengths in 

Fig. (3-7)]. N was assumed constant. 

* 
In Fig. (4-3) two theoretical calculations of it  pressure 

deoendence were obtained by using Eqs. (1-5), (1-6), ani (j-32). 

For each sample the dashed line represents calculaticps using F (T), 
g 

the optical or free energy gap, for E , the energy separation deter- 

mining the effective mass.  Similarly, the solid line represents 

calculations for each sample using for F. the forbidden energy gap 

corrected for lattice expansion E  . The calculations assumed P 
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/. 

and A constant with pressure. This assumption for A is supported 

by the experimental results of Paul and Warschauer [4-9] on infra- 

red absorption in p-type Ge and of Kosicki and Paul [4-10] on infra- 

red absorption in p-type GaSb. For both calculations m* at 1 bar o 

was assumed to be .064 m, but the results were not sensitive to 

choice of m since the calculations varied < 1$  by changing m from 

.064 m to .072 m.  It is clear chat the data are fitted best by using 

the k'2  theory with the forbidden energy gap corrected for latcice 

expansion as the energy separation. 

c. Temperature Dependence 

The experimental temperaturi* change of m  was found from the 

.2 
slopes of V_ versus 7^ at variomi temperatures given in Figs. (3-16) 

(3-17), and (3-18). The temperature change of the interband correc- 

tion was small as is seen in Fig. (3-15).  The percent temperature 

changes in m  for three n-type samples of GaAs are shown in Fig. 

(4-4) after correcting for the small temperature change in thickness 

d [3-11] and refractive index n [measured at long wavelengths in 

Fig. (3-7a)]. N was assumed constant. 

Two theoretical calculations of a* temperature dependence 

obtained by using Eqs. (1-5), (1-6), and (1-32), assuming P and 

A constant with temperature, and recalculating the Fermi levels 

at each temperature, are shown in Fig. (4-4).  In Fig. (4-4), the 
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dashed line represenf.s calculations with E =» F (T) . the optical 

or free energy gap, while the solid line was calculated using 

E » E _, the forbidden energy gap corrected ' . lattice expansion, 
g   gi 

For both calculatiors m* at 2950K was assumed to be .064 m. but the 
i o 
1 * 

results were not sensitive to choice of m since the calculationa 

varied by < I'd  by changing m*  from .064 m  to .072 m.     It is evident 
-.| o 

that the data can be fitted best by using the k-g theory with the 

forbidden energy gap corrected for lattice expansion as the energy 

separation. 

-:- 

C.  SUMMARY 

Three "cataloging" measurements have been performed in this 

investigation as necessary adjuncts to the careful measurement of 

effective mass. They were : (1) determination of GaAs refractive 

index as e  function of temperature; (2) determination of GaAs re- 

fractive index as a function of pressure; and (3) determination 

of the pressure coefficient of the forbidden energy gap in GaAs 

to be (1.17 - .03) • 10"5 eVA«. 

A side effect of this investigation has been to point out some 

possible errors that cat. arise in determining effective mass by 

means of Faraday rotation. Carf"ui considerations of such errors 

in f:he room condition results of this report indicate that the ef- 

fective mass at the bottom of the F,  minimum in GaAs is certainly 

lower than the general!/ accepted vaj.ue of .072 m, and may be as 

lov as (-064 ± .002) m. 

- 
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This investigation has also shown that the "finite temperature" 

pressure and temperature dependences of effective mass in GaAs can 

be explained by using semiconductor "zero-temperature" k-g theory 

with an energy separation appropriate to the forbidden energy gap 

corrected for lattice expansion rather than the optical or free 

energy gap.  In practice, the forbidden energy gap at any tempera- 

ture is determined by taking a measured energy gap at zero tempera- 

ture and correcting to a finite temperature using lattice expansion 

only.  It can be noted that Ehrenreich [4-11] used much the same point 

of view in a paper investigating scattering in InSb, and he also drew 

distinctions between the thermal and optical gaps and the "effective 

mass band-gap", termed here the forbidden energy gap. 

A number of other investigations have noted that the forbidden 

energy gap corrected for lattice e  tnsion is tic more appropriate 

energy separation to use when fitting the temperature dependence of 

effective mass to the Kane k'g theory.  Smith, Pr'dgeon, and Prosser 

[4-12] found this true for InSb, as did Palik et al. [4-13], 

Cat dona [3-19] also demonstrated It for InAs, 

The relevant energy gap, then, in determining effective mass 

is the energy separation between quantized states, rather than, for 

example, the experimental optical gap.  If the suggestion of Janws 

is correct, the optical energy gap may be equated to the forbidden 

energy gap plus the energy of electron-phonon interaction.  The 

results of this investigation, together with the ^ther reports 
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1 

above, tend to indicate that, within the quoted experimental errors 

of the raeasurements, and given the necessary assumptions of Chapter 

1, semiconductors for which the Kane k-g theory is applicable have 

effective masses very little affected, if a^ all, by electron-phonon 

interactions. This indication is of course proved only for GaAs, 

InSb, and InAs, the materials for which the temperature dependence 

of effective mass has actually been measured. 

Finally, the results of this investigation which distinguish 

between the forbidden energy gap and the optical energy gap tend 

to support the suggf.tion of James [1-4] that optical energy gaps 

are in reality free energy gaps. In this connection, additional 

support is lent to the suggestion by the fact that interpretation 

of spontaneous emission as a free energy can explain previously un- 

explained temperature dependent pressure coefficients of diode 
T 

emission lines. 

; 
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